The concept of brain plasticity covers all the mechanisms involved in the capacity of the brain to adjust and remodel itself in response to environmental requirements, experience, skill acquisition, and new challenges including brain lesions. Advances in neuroimaging and neurophysiologic techniques have increased our knowledge of task-related changes in cortical representation areas in the intact and injured human brain. The recognition that neuronal progenitor cells proliferate and differentiate in the subventricular zone and dentate gyrus in the adult mammalian brain has raised the hope that regeneration may be possible after brain lesions. Regeneration will require that new cells differentiate, survive, and integrate into existing neural networks and that axons regenerate. To what extent this will be possible is difficult to predict. Current research explores the possibilities to modify endogenous neurogenesis and facilitate axonal regeneration using myelin inhibitory factors. After apoptotic damage in mice new cortical neurons can form long-distance connections. Progenitor cells from the subventricular zone migrate to cortical and subcortical regions after ischemic brain lesions, apparently directed by signals from the damaged region. Postmortem studies on human brains suggest that neurogenesis may be altered in degenerative diseases. Functional and anatomic data indicate that myelin inhibitory factors, cell implantation, and modification of extracellular matrix may be beneficial after spinal cord lesions. Neurophysiologic data demonstrating that new connections are functioning are needed to prove regeneration. Even if not achieving the goal, methods aimed at regeneration can be beneficial by enhancing plasticity in intact brain regions.
The concept of brain plasticity is not new. In 1890 William James proposed in his book 'Principles of Psychology' that the habits in living beings are because of the plasticity of the brain, defining plasticity as the possession of a structure weak enough to yield to an influence, but strong enough not to yield all at once. Detailed discussions on brain plasticity together with experimental data and beautiful drawings can be found in the papers by Ramon y Cajal. In 'Textura del sistema nervioso del hombre y de los vertebrados' (Textbook on the nervous system of man and the vertebrates 1897-1899), he wrote thatr to explain skill acquisition is necessary to assume formation of new pathways through ramification and progressive growth of dendrite arborization and nervous terminals. In contrast to the worldwide recognition for his contributions to the neuron doctrine, Cajal's pioneering observations on brain plasticity and the impact they have on science even today have not attained much attention (DeFelipe, 2006) . Another pioneer was Ernesto Lugaro in Italy who in 1906 wrote about psychic plasticity, plasticity of neurons, and plasticity of neurofibrils. He proposed that the chemotropic activities responsible for the prenatal organization of the nervous system can continue to some extent throughout life to establish fresh, adaptive anatomic-functional connections between neurons (Berlucchi, 2004) . Half a century later, Donald Hebb's fundamental studies on how neuronal cortical connections are strengthened and remodeled by experience initiated a wide interest in neuronal plasticity in the intact and injured brain (Hebb, 1949; Rosenzweig, 1960; Johansson, 2004a; Pascual-Leone et al, 2005; Seitz et al, 2005; .
Dendritic spines are the primary postsynaptic targets of excitatory glutaminergic synapses in the mature brain. The dendritic tree is covered with a variety of excitable synaptic channels operating on different timescales and with activity-dependent sensitivity enabling a sophisticated neuronal plasticity (Hickmott and Merzenich, 2002; Segal, 2005) . With two-or multiphoton microscopy, individual cells and cortical networks can be studied in vivo at depths of up to 1 mm in the mouse cortex, enabling direct visualization of the behavior of cells in their natural environment and their response to manipulations over long periods of time (Kerr et al, 2005) . The introduction of transgenic mice models expressing high levels of fluorescent proteins in neurons or glia cells has further facilitated studies on how single cells respond to stimuli in the intact and injured brain (Misgeld and Kerschensteiner, 2006) .
In addition, training, sensory input, and brain lesions can modify cortical representation areas and subcortical structures (Merzenich and Kaas, 1982; Jenkins and Merzenich, 1987; Johansson, 2004b; Kaas et al, 1999; Pascual-Leone et al, 2005) . Rapid and transient alteration of cortical representation areas occur during learning tasks, most likely as a result of decreased inhibition and increased synaptic efficacy in existing neuronal circuits (Pascual-Leone et al, 1994) . Flexible short-term modulations are important in the acquisition of new skills, and can lead to structural changes in the intracortical and subcortical networks as the skill becomes more established and automatic (Petersen et al, 1998) . Focal brain lesions lead to extensive neurophysiologic and anatomic changes in the peri-infarct region, in other areas in the injured and intact hemispheres as well as in subcortical structures, in a complex, lesion, and time-related way. Specific aim-related training can influence the process, and the training effect can be enhanced by neurophysiologic and pharmacologic manipulations (Dancause et al, 2005; Floel and Cohen, 2006; Nudo, 2006; Seitz et al, 2005; Ward and Cohen, 2004) .
Regeneration can be considered the optimal example of plasticity in the central nervous system (CNS). The recognition of neurogenesis in some regions in the healthy adult brain together with the identification of myelin inhibitory factors has raised the hope that regeneration may be possible after brain lesions. Regeneration of the CNS will require new neurons, either through proliferation of endogenous stem/progenitor cells or by administration of exogenous cells with potential to substitute for lost tissue, and that the cells differentiate, survive, and integrate into existing neural networks. For that to occur, a permissive extracellular matrix that allows cell integration and axonal proliferation is needed. Regeneration in the brain and spinal cord are dealt with separately. Cell implantation will be discussed in connection with spinal cord lesion but cell implantation in brain disorders is a too large of a research area to be covered here.
Neuronal regeneration in the brain

Endogenous Neurogenesis in the Intact Brain
In the adult mammalian brain neurogenesis persists in two distinct regions, the subgranular zone of the dentate gyrus (DG) in the hippocampus, and in the forebrain subventricular zone (SVZ). These regions maintain the neurogeneic potential in a subset of radial glial fibrillary acidic protein-positive astrocytes (Doetsch et al, 1999; Garcia et al, 2004) . Neurogenesis was demonstrated in the hippocampus and in the subependymal layer in the adult rat brain already four decades ago (Altman and Das, 1965; Lewis, 1968) and has also been shown to occur in the adult human brain (Eriksson et al, 1998) . According to the definition, stem cells are proliferative, self-renewing, and multipotent for the different neuroectodermal lineages. There is still no way to identify stem cells prospectively in vivo or in vitro (Berninger et al, 2006) . Because of the difficulty to separate clearly the stage of the neural stem cells and neuroblasts they are often referred to as precursors or progenitor cells (Emsley et al, 2005) . Evidence of the multipotency of subventricular stem cells has been obtained in vitro using the neurosphere assay system. Many regions of the CNS without any apparent adult neurogenesis can give rise to neurosphere-forming cells and the potential to form neurospheres does not necessarily reflect the presence of stem cells or their behavior in vivo (Berninger et al, 2006) . In the DG newly born granule cells exhibit enhanced synaptic plasticity, and they participate in activity-induced activation during some learning and memory tasks (Bruel-Jungerman et al, 2005; Jessberger and Kempermann, 2003) although the link between adult hippocampal neurogenesis, memory and learning is still debated (Leuner et al, 2006) . The olfactory sensory system has a unique ability to renew . It is the only part of the nervous system where nerve cells are continually replaced throughout adult life. In the intact brain, cells generated in the SVZ migrate to the olfactory bulb where the majority of the cells disperse through the granule cell layer to develop into GABAergic granule cells, and a small percentage differentiate into periglomerular cells expressing GABA and/or the dopamine-synthesizing enzyme tyrosine hydroxylase. Sensory input from sensory neurons in the olfactory epithelium is critical for the survival of granular cells. Enriched odor exposure increases the number of newborn neurons in the adult olfactory bulb and improves odor memory (Rochefort et al, 2002) . Multiple stages in the maturation of newborn neurons in the adult olfactory bulb may serve as a substrate for structural and physiologic plasticity and enable better response to changes in the environment, allowing a continuous adjustment of information in response to the changing external world (Lledo and Saghatelyan, 2005; Magavi et al, 2005) . Furthermore, mature sensory neurons in the olfactory epithelium have a limited life span that is tightly regulated by environmental factors , and new olfactory receptor neurons are continuously generated from basal cells in the olfactory epithelium (Beites et al, 2005) . The olfactory receptor neurons project to the olfactory bulb via the olfactory nerve. The olfactory epithelium ensheathing cell (OEC) is a specialized glia that is essential for the olfactory nerve regeneration and its ability to enter the brain. The unique characteristics of the OEC will be discussed in connection with axonal regeneration after spinal cord trauma.
Mechanisms that specify the fate of embryonic neuronal precursors might at least in part be recapitulated in the adult brain. Multipotent neural stem cells/progenitor cells can be isolated from many regions of the adult CNS, yet neurogenesis is restricted in vivo to the DG and SVZ. Primary astrocytes in the hippocampus and the SVZ promote neuronal differentiation of adult progenitor cells, whereas astrocytes in other regions inhibit neural differentiation. There is evidence that cytokines and chemokines in astrocytes in the permissive areas are part of the explanation (Barkho et al, 2006) . Key questions in current stem cell research are as follows: (1) What makes the environment in neurogenic areas permissive for cell proliferation? (2) What determines whether the stem cells undergo self-renewal or cellular differentiation? (3) How can extrinsic factors interact with the intrinsic mechanisms in the progenitor cells? (4) What is the optimal growth-permissive environment.
In the SVZ, the stem cells make close contact with the ependyma and the cerebrospinal fluid. It has been proposed that substances in the cerebrospinal fluid, or secreted by the choroid plexus, participate in the regulation of new cells. There is an intimate relationship of neural precursors with microcapillaries both in the SVZ and DG . By secreting vascular endothelial growth factor and other factors that maintain CNS stem cell selfrenewal and neurogenetic potential, the endothelial cells are critical components of the neural stem cell niche. Thus endothelial cells cultured above neural progenitors enhance proliferation and maintain the new cells in an undifferentiated stage. After removal of endothelial cells, the neuroblasts generate neurons as well as astrocytes and oligodendrocytes (Shen et al, 2004) . Erythropoietin, a cytokine that plays a critical role in hemotopoiesis, plays an essential role in regulating embryonic and adult neuronal development and function. Brain-specific deletion of the erythropoietin receptor EpoR reduces cell proliferation in the SVZ and impairs migration of neuroblasts to the peri-infarct cortex . In vitro neurosphere formation depends on epidermal growth factor (EGF) and fibroblast growth factor 2 in the media. A large number of cellular and extracellular components have been proposed to promote or inhibit adult neurogenesis (see Berninger et al, 2006; Emsley et al, 2005; Jagasia et al, 2006) .
Whether neurogenesis can be induced in the intact neocortex is a controversial issue. An early in vivo study indicated the presence of dormant progenitor cells in the rodent cortex that could be activated by fibroblast growth factor 2 in intact animals (Palmer et al, 1995) . Although neuroblasts migrate to cortical areas surrounding an infarct, there is no convincing evidence for the formation of mature neurons in the cortex. No BrdU-labeled neurons were detected in a systematic analysis of cell turnover in the major areas of the human neocortex from cancer patients that had been given BrdU in vivo for diagnostic purposes. The neocortical neurons had 14 C levels corresponding to the atmospheric levels at the time of birth of the individual indicating that the neurons studied were not born after that time (Bhardwaj et al, 2006) . The analysis was performed on brain samples from undamaged brains, and the finding does not rule out that neurogenesis might occur under pathologic conditions as will be discussed in the next section.
The current knowledge of adult mammalian neurogenesis in the intact and injured brain and how it may be modified by external and endogenous factors have been extensively reviewed elsewhere (Berninger et al, 2006; Emsley et al, 2005; Komitova et al, 2006a; Lledo et al, 2006) . The discussion on neurogenesis of clinical interest in this review will be limited to (a) ischemia-induced neurogenesis and (b) transgenic models of degenerative disorders and how result obtained in those models relate to recent data obtained on brains from patients with corresponding degenerative human diseases.
Endogenous Neurogenesis after Ischemic Brain Lesions
That transient global ischemia induces neurogenesis in the DG was demonstrated almost a decade ago (Liu et al, 1998) . Intraventricular infusion of EGF and fibroblast growth factor 2 has been shown to increase regeneration of hippocampal pyramidal neurons after a brief episode of transient global ischemia that selectively damages hippocampal pyramidal neurons (Nakatomi et al, 2002) . Electrophysiologic evidence indicated that the neurons may have been integrated into the existing brain circuitry and contributed to amelioration of neurologic deficits.
Focal cerebral ischemia enhances neurogenesis in the DG and the SVZ (Jin et al, 2001; Zhang et al, 2001) . Apparently, ischemic and traumatic brain lesions induce still largely unknown signals that enhance stem cell proliferation in the DG and SVZ and change direction of the migration of new cells from the SVZ. After focal ischemic lesions involving striatum, cells from the SVZ migrate to the ischemic striatum and some of the new cells develop into striatal medium spiny projection neurons (Arvidsson et al, 2002; Parent et al, 2002) . Neuroblasts that migrate from the SVZ form chainlike aggregates closely associated with astrocytic processes and blood vessels, differentiate and may form synaptic contacts with neighboring striatal cells .
Lesion-induced neurogenesis may also occur in older rats. Although the basal neurogenesis was reduced in aged rats, neurogenesis still took place both in the DG and SVZ, and the number of new neuroblasts or mature neurons in the striatum did not differ between 3-month old and 15-monthold female Wistar rats (Darsalia et al, 2005) . In 24-month-old male Fischer rats, ischemia induced neurogenesis persisted but was reduced in the SVZ, whereas no ischemia-induced cell proliferation was observed in the DG . Because of strain and gender differences in rodent neurogenesis (Kempermann et al, 2006; Perfilieva et al, 2001) , it is difficult to know whether the divergent results regarding the DG are related to gender, strain, or age.
Apparently injury-induced cell proliferation can last for a considerable time, and under what conditions that occur is clearly of clinical interest. In an early study on rats subjected to traumatic brain injury at the age of 4 months, a sixfold proliferation of neuroblasts and glia persisted in the SVZ 1 year after the trauma in contrast to a decrease with aging in noninjured control rats (Chen et al, 2003) . Daily intraventricular infusions of a caspase inhibitor cocktail during 12 days after focal ischemia generated striatal neuroblasts without decline for at least 4 months .
Epidermal growth factor amplifies the replacement of striatal interneurons after focal ischemia (Teremoto et al, 2003) . The number of EGF receptorpositive cells in the SVZ increases after an ischemic insult. Postischemic EGF-infusion expands these cells, and after discontinuation of the infusion the number of neuroblasts increased both in the SVZ and the injured striatum . As extensively reviewed by Lichtenwalner and parent (2006) , several other trophic factors have been proposed to play a role in neurogenesis after brain ischemia. Increased production of endogenous neurotrophins may be one possible explanation to the observation that postischemic housing in an enriched environment increases progenitor cell proliferation and neuroblasts in the subventricular zone after focal cortical ischemia (Komitova et al, 2005) .
Whether cortical neurogenesis can be induced in the ischemic cortex remains a controversial question. Using a variety of neuronal markers, most experimental studies have failed to show mature neurons in the ischemic cortex (see Kokaia et al, 2006) . It was recently reported that cells that expressed markers associated with newborn neurons were noted in the ischemic penumbra in specimens obtained at biopsy performed for 'diagnostic purposes' in patients with cortical infarcts (Jin et al, 2006) . Whether these cells that were preferentially localized in the vicinity of blood vessels originated locally or had migrated from a neuroproliferative region could not be evaluated on the available specimens. Intraventricular infusion of EGF and erythropoietin, but neither of them alone, has been reported to induce new cortical tissue including neurons after small frontal cortical devascularization lesions in rats .
Olig2, a transcription factor required for oligodendrocyte lineage specification, has been identified as a possible key inhibitor of cortical neurogenesis in three mouse models of acute and chronic brain lesions, that is stab wound, focal ischemia, and chronic amyloid deposition. A strong upregulation of Olig2 was a common feature in all the models, and by antagonizing Olig2 function some degree of endogenous neurogenesis could be evoked in the injured cortex (Buffo et al, 2005) .
Neurogenesis in Degenerative Brain Disorders
In a model of selective apoptotic death of cortical pyramidal neurons in the mouse it has been demonstrated that endogenous neural precursors can be induced to differentiate into mature neurons and form long-distance cortico-thalamic and corticospinal connections (Magavi et al, 2000; Chen et al, 2004) . Apparently, some signal in the environment can stimulate proliferation of 'dormant' progenitor cells in the cortex in this model of apoptotic cell death that has been proposed to be a relevant experimental model for human degenerative disorders.
Dopaminergic denervation reduces proliferation in the SVZ and DG and neurogenesis in the olfactory bulb in experimental animals, and a reduction of precursor cell proliferation has been observed in brains from patients with Parkinson's disease (Hö glinger et al, 2004) . Whether the impaired generation of neural precursors is of clinical significance is not known. However, because olfactory dysfunction is common in patients with Parkinson's disease and olfactory neurogenesis is implicated in memorization of odors (Rochefort et al, 2002) , it has been speculated that the reduction of precursor proliferation in the SVZ might contribute to the olfactory impairment in the disease (Hö glinger et al, 2004 ).
An enhanced hippocampal neurogenesis has been observed in brains from patients with Alzheimer's disease (AD) as well as in a transgenic mouse model of the disease (Jin et al, 2004a,b) . In the mice the increase was observed before any neuronal loss and amyloid deposition was noted, and the authors suggested that it might be a compensatory mechanism triggered by more subtle disease manifestation such as impaired neurotransmission (Jin et al, 2004a) . Studies on other transgenic mouse AD models have not demonstrated any change in SVZ neurogenesis but have indicated a decreased hippocampal neurogenesis (see Donovan et al (2006) ). To investigate possible explanations to the controversy, the volume, cell number, and heterogeneity of the granule cell layer were evaluated in the PDAPP mouse, a model of AD with age-dependent AD-like neuropathology and cognitive deficits that has been extensively studied with regard to therapeutic interventions for AD. A 50% reduction in neurogenesis was found in the old but not in the young mice. Interestingly, the decreased neurogenesis was not associated with an age-dependent loss of dentate granule neurons because of a reduced apoptosis. Furthermore, the mice had increased birth of immature neurons in the outer portion of the granule cell layer. These ectopic immature neurons did not survive to maturity, and compared with the subgranular zone proliferating cells the number of ectopic cells were rare, emphasizing that the primary characteristic in these mice was a decreased neurogenesis (Donovan et al, 2006) .
An increase in the number of proliferating cells in the subependymal layer of the lateral ventricle adjacent to the caudate nucleus has been observed in brains from individuals with late-stage Huntington's disease (Curtis et al, 2003 (Curtis et al, , 2005 . In transgenic Huntington's disease mice with an increased background neurogenesis in the SVZ, daily subcutaneous administration of FGF2, starting before the animals had developed any symptoms, prolonged survival, and increased the number of proliferating cells in the SVZ, and induced recruitment of new cells from the SVZ into the neostriatum (Jin et al, 2005) . In another Huntington's disease transgenic mouse model, changes have been noted in the hippocampus but not in the SVZ cell proliferation (Lazic et al, 2004 (Lazic et al, , 2006 . In 5-week-old transgenic mice, the proliferation in DG was similar as in wildtype controls, but in 20-week-old mice the neurogenesis was significantly reduced, mainly the result of decreased proliferation and survival of neural progenitor cells. The decrease in hippocampal neurogenesis preceded Huntington's disease-induced cell death. The immature neurons had an altered cell morphology, that is smaller and irregular-shaped somas, shorter neuritis, and shorter migration distance than control mice (Lazic et al, 2004) . Housing the mice in an enriched environment delayed the onset of motor symptoms, improved life expectancy, increased the number of proliferating cells, and improved the morphology of the neuroblasts (Lazic et al, 2006) , results that are in agreement with other studies demonstrating environmental and gene interactions in plasticity and regeneration.
Studies of brains from patients with bipolar affective disorder, depression, schizophrenia and controls have so far not supported the hypothesis based on animal data that depression is associated with reduced hippocampal neurogenesis in humans (Malberg and Schlechter, 2005) , nor has it suggested that cell proliferation is modified by antidepressant drug treatment in humans (Reif et al, 2006) . However, the number of newborn cells was reduced in schizophrenia.
Neurogenesis in rodents can be stimulated by epileptic activity and lead to abnormal integration of newborn cells in the DG (Parent et al, 1997 . Granular cell dispersion in the DG is a frequent feature of Ammon's horn sclerosis in patients with epilepsy, and it has been hypothesized to be caused by an abnormal migration of newly born granule cells. However, a recent study on 41 surgically removed hippocampal specimens from patients with temporal lobe epilepsy indicated that granule cell dispersion is not accompanied by enhanced neurogenesis; rather it is the result of an abnormal migration of mature granule cells along a radial glial scaffold (Fahrner et al, 2007) .
There are genetic differences between transgenic mouse models, and there are limitations to what can be shown in postmortem studies of human brains. Hopefully, future progress in molecular genetics can give us some clues why transgenic mouse strains give divergent results and to how these animal models relate to the corresponding human disease.
Neutralizing Myelin Inhibiting Factors in the Brain
Many cortical and subcortical lesions affect the corticospinal and corticobulbar tracts and thus lead to disconnection between cell bodies and their axons. A main obstacle to regeneration of neural tracts is thought to be the presence of myelin inhibitors. The understanding of the cellular and molecular processes involved in myelin repair after lesions is incomplete, and to what extent the mechanisms differ from those involved in myelination during development is debated (Harel and Strittmatter, 2006) . The myelin protein Nogo-A has been proposed to be the main factor for the lack of axonal regeneration (Chen et al, 2000) . Nogo-A has two separate domains that can inhibit axon regeneration, one of which, Nogo-66, is common to all Nogo isoforms. The functional receptor for Nogo-66, NgR links the protein to the outer surface of the cell membrane. Two other myelin-associated proteins, myelin-associated glycoprotein and oligodendrocyte-myelin glycoprotein, share the NgR receptor.
Intracerebral injection of the monoclonal antibody IN-1 in adult rats directly after a middle cerebral artery occlusion resulted in functional recovery in a forelimb-reaching task and new corticorubral connections were observed from the opposite, intact hemisphere (Papadopoulos et al, 2002) . The corticorubral pathway is mainly an ipsilateral projection that controls fine hand movements, and the corticorubral-spinal system is also implicated in precise limb movements. Even if delayed for 1 week, anti-Nogo antibody treatment enhanced recovery of skilled forelimb function and increased corticorubral fibers in the deafferented red nucleus after middle cerebral artery occlusion in both young and 25-month-old rats, although the time course for recovery was more prolonged in the old rats (Seymour et al, 2005; Markus et al, 2005) . Mutant mice lacking NgR recovered complex motor function better than control animals after a phototrombotic infarct, and a greater number of axons emanating from the undamaged cortex crossed the midline to innervate the contralateral red nucleus and the ipsilateral cervical spinal cord . Application of an IN-1 antibody immediately after a middle cerebral artery occlusion increased dendrite arborization and spine density in the contralateral hemisphere but had little effect in intact rats (Papadopoulos et al, 2006) .
The studies on the effect of myelin inhibitors after brain lesions have thus so far demonstrated effects on brain plasticity rather than regeneration.
Some data have suggested that axonal sprouting might be induced after brain lesions also in untreated control animals. In a study on traumatic brain injury, a significantly induced axonal sprouting was observed from the contralateral corticospinal tract independent of inhibition of Nogo-A (Lentzlinger et al, 2005) . Continuous infusion of the purine nucleoside inosine, a naturally occurring metabolite, into the lateral ventricle on the undamaged side after a partial middle cerebral artery occlusion, induced axonal rewiring and promoted behavioral outcome in rats (Chen et al, 2002) . Neurons on the undamaged side extended new projections to denervated areas of the midbrain and spinal cord. The number of crossing corticorubral fibers was low in normal control animals and increased significantly after the lesion, even in animals treated with saline alone, with a further two-to threefold increase after inosine infusion. Thus, it seems that some lesion-induced signal can stimulate the crossing of fibers from the intact side to the lesion side independent of treatment. This is an interesting observation that needs further exploration and if confirmed, identification of possible signaling mechanisms.
Regeneration after spinal cord injury
Although nerve fibers do not grow to their original destinations after spinal cord trauma, the severed ends sprout in the region of the lesion, and neurons that have lost their incoming connections are spontaneously reinnervated by sprouting adjacent undamaged nerve fibers (Li and Raisman, 1995; Bareyre et al, 2004) . Glial scars, presence of myelin inhibitory factors, and loss of support from the extracellular environment are some of the factors proposed for the lack of axonal regeneration after spinal cord injury.
Endogenous Cell Proliferation
Proliferation and differentiation of glial progenitor cells that give rise to astrocytes and oligodendrocytes have been demonstrated throughout the intact adult rat spinal cord (Horner et al, 2000) . In a rat contusion model, the cell proliferation was highest during the first week after injury and declined to an insignificant level by 4 weeks (McTigue et al, 2001; Zai and Wrathall, 2005) . Using a fluorescence protein hematopoietic chimeric mouse it was found that 90% of the dividing cells in the early proliferation phase originated from the spinal cord and only 10% from the bone marrow (Horky et al, 2006) . A marked increase of newly divided cells have been observed in adult rhesus monkeys with hemisection of the cervical spinal cord studied 7 weeks to 7 months after the lesions. The proportion of macrophages/migroglia diminished over time and 7 months after injury 15% of the new cells expressed mature markers of oligodendrocytes and 12% expressed mature astrocytic markers. Newly born oligodendrocytes were present in zones of injuryinduced demyelination and appeared to ensheath or remyelinate host axons (Yang et al, 2006a) .
A population of progenitor cells present in the spinal cord ependyma proliferates many times more rapidly in spinal cord-injured animals 24 h after injury than in uninjured animals They differentiate into astrocytes that migrate toward the injury site and contribute to the formation of scar tissue over a period of several weeks (Johansson et al, 1999) . These ependyma progenitor cells proliferate even after a minimal lesion that does not involve the central canal (Mothe and Tator, 2005) .
Cell Transplantation after Spinal Cord Lesions
On the basis of the observation that regeneration is possible in peripheral nerves, Ramon y Cajal was the first to suggest that Schwann cells might be beneficial after spinal cord trauma. As extensively reviewed by Reier (2004) and Thuret et al. (2006) many neural and nonneural sources of cells have been used later. Human neural stem cells and the OECs, the specialized glia cells that enable the olfactory nerve to regenerate, are currently attracting much attention and will be the only cells discussed here. They illustrate two different approaches. Human stem cells, like other progenitor cells, are used with the hope that they will integrate with the host neural system. In contrast, the proposed action of OECs is that they form bridges to enable the axons in the host spinal cord to find its target.
Human fetal neural stem cells grown as microspheres can migrate and express markers for differentiation of neurons and oligodendrocytes after long-term engraftment in spinal cord injured mice. Remyelination and electron microscopic evidence consistent with synapse formation between transplanted and mouse host neurons were observed in the spinal cord injury model as well as in myelindeficient shiverer mice (Cummings et al, 2005) . An associated improvement of locomotor function was abolished by selective ablation of the engrafted cells by diphtheria toxin. Human embryonic stem cellderived oligodendrocyte progenitor cells have also been reported to remyelinate and restore locomotion after spinal cord injury (Keirstead et al, 2005) . Adult neural stem cells grafted into a rat spinal cord injury improved motor recovery but had the negative side effects of aberrant axonal sprouting associated with allodynia-like hypersensitivity of the forepaws (Hofstetter et al, 2005) . Transduction of the neural stem cells with neurogenein-2 before transplantation suppressed astrocytic differentiation and prevented graft-induced sprouting and hypersensitivity. It also increased the amounts of myelin in the injured area and improved the recovery of hindlimb locomotor function and sensory responses.
The normal pathways of nerve fibers in the white matter consist of different types of glial and others cells arranged with great regularity (Levine et al, 2001; Suzuki and Raisman, 1992) . The longitudinal axis of the tracts in which the long nerve fibers travel in the spinal cord is a dense parallel array of very fine elongated astrocytic processes. OECs can be obtained either from the olfactory bulb or from the olfactory epithelium in lamina propria thus making it possible to use autologous cells. A proposed action is that the OECs reestablish a route along which sprouting axons can elongate and reach useful targets by the door-opening ability of the OECs that has been demonstrated in the capacity of the olfactory nerve to enter the brain (Li et al, 2005b, c) . Transplanted to the injured spinal cord, OECs have been reported to induce regeneration and functional recovery after partial or complete spinal cord transection (Li et al, 1997; Moreno-Flores et al, 2006; Ramon-Cueto et al, 1998) , as well as to restore breathing after high dorsal cord lesions (Li et al, 2003) . Corticospinal axons may cross the bridge of transplanted cells and reenter the distal part of the corticospinal tracts, where they become myelinated by host oligodendrocytes from adjacent fiber tracts. Partial recovery of function, including return of motor-evoked potentials, and histologic evidence of long axonal outgrowth of corticospinal, raphespinal, and coerulospinal tracts within the caudal cord stump, have been observed even after transplantation 1 week after the lesion although early transplantation gave the best result (Lopez-Vales et al, 2006) .
Not all studies have supported the success reported above. Some studies have shown that highly purified OECs are less potent (Takami et al, 2002) , It has been suggested that fibroblasts contained in nonpurified cell cultures prepared form the olfactory bulb are crucial to their regenerative properties. Reinstating of breathing after hemisec-tion of the cervical cord was obtained with a technique in which OECs were transplanted together with the matrix in which they had been grown, which prevented both diffusion of the cells away from the transplant and loss of cells (Li et al, 2003) . Comparing the gene expression profiles of three OECs populations that differ in their capacity to promote adult axonal regeneration in vitro and in vivo after spinal cord injury in adult rats indicated that metalloproteinase 2 stimulated axonal regeneration, possibly by its known effect of inhibiting a neurite-inhibiting chondroidin sulfate proteoglycan . Metalloproteinase activity has also been implicated in axonal guidance during development.
Myelin Inhibitors and Spinal Cord Lesions
Administration of a Nogo receptor antagonist peptide to rodents and monkeys with mid-thoracic spinal cord hemisection resulted in significant axon growth of the corticospinal tract and improved functional recovery (GrandPre et al, 2002; Li et al, 2004; Fouad et al, 2004) . With functional magnetic resonance imaging, a significant increase in activation was observed within the thalamus during stimulation of the impaired hindpaw in rats that had received intrathecal anti-Nogo-A therapy after a unilateral spinal cord trauma . Enhanced corticospinal axonal sprouting into the lumbar spinal cord and improved locomotion has been observed after transgenic inhibition of the Nogo-6 receptor function in mice (Li et al, 2005a) . However, a marked strain difference in axonal regeneration and a conspicuous difference in the recruitment of macrophages have been seen after corticospinal injury in two strains of Nogo-A deficient mice. Fewer macrophages were observed in the strain with best neurite outgrowth. In both strains, more microglia/microphages were observed in the Nogo-A knockouts than in the wild-type mice. No behavioral or neurophysiologic data were reported (Dimou et al, 2006) . Raisman (2004) has argued that the proposal that myelin is inhibitory to axon growth is not consistent with the fact that myelinated fiber tracts are a widely conserved anatomic device through which axons travel in the adult brain and spinal cord, and that it is at odds with the requirements of functional plasticity that is the basis of adaptation. Referring to the extraordinary accuracy with which developing axons are guided to specific targets, he proposes that the purpose of the 'inhibitory' molecules is to direct and facilitate long-distance growth of axons along myelinated tracts and that the failure of remyelination is mainly because of a combination of molecular and anatomic changes in the astrocytic pathways as described in the section on cell regeneration in the spinal cord above (Li et al, 2005b, c) . There is substantial evidence that astrocytes have a dual role in regeneration with facilitating and inhibiting components that vary with characteristics of the astrocytes, the type of lesion, and post-lesion time (Okada et al, 2006; Silver and Miller, 2004, Yiu and .
Combined Therapies and the Role of Extracellular Matrix
Heterogeneous composition of transplants might be preferable in enhancing the level of repair using OECs and other progenitor cells. The injury-induced glial scar contains proteoglycans and chondroitin sulfate proteoglycans, components that inhibit axon growth. Chondroitinase ABC promotes functional recovery after spinal cord injury (Bradbury et al, 2002) , including bladder function (Caggiano et al, 2005) . Combined with neural progenitor cells transplantation it enhances cell migration and outgrowth of growth-associated protein-43-positive fibers after rat spinal cord injury (Ikegami et al, 2005) . In a rat model of brachial plexus avulsion, in which nerve roots are torn from the spinal cord, both chondroitinase ABC and sialidase, an enzyme that cleaves a different class of axonal receptors for myelin-associated glycoprotein, enhanced spinal axon outgrowth of implanted peripheral nerve grafts (Yang et al, 2006a) . Combining Schwann cell bridges and OEC grafts with chondroitinase ABC promoted locomotor recovery after complete transection of the spinal cord more than grafts alone . Cocultivation of adult neural progenitor cells with fibroblasts enhanced the effect of progenitor cells and axonal regeneration (Pfeifer et al, 2004) .
Adult oligodendrocyte precursor cells make up approximately 5% to 8% of the glial cell population in the CNS. Their function in the undamaged CNS is largely unknown but they have been proposed to contribute to CNS remyelination but inhibit axonal regeneration by the chondroitin sulfate proteoglycan NG2 expressed on the surface. NG2 is accumulated in the glial scar after spinal cord trauma and it has been proposed to participate in the creation of a growth-inhibitory environment (Tan et al, 2005) . Antibodies against NG2 have been reported to promote the regeneration of sensory axons within the dorsal columns of the spinal cord (Tan et al, 2006) . However, in the presence of a bridge of cellular fibroblasts genetically modified to secrete NGF, axonal growth was observed in sensory, rubrospinal, and nociceptive axons, suggesting that regeneration can be successful when local permissive signals balance and exceed inhibitory signals (Jones et al, 2003) . The source of NG2 containing cells at the lesion site appears to be different from that in the surrounding spared tissue, and a substantial part of the cells may be nonmyelinating Schwann cells (McTigue et al, 2006) . The role of NG2 after brain lesions is controversial. Some data indicate that NG2-positive polydendrocytes possess multipotent neural stem cell and neurogenic properties as well as neuron-supporting trophic functions (Komitova et al, 2006b; Yang et al, 2006c) .
Another new strategy for inducing neurons to overcome inhibitory signals in the environment is to activate cAMP signaling. After spinal cord injury cAMP levels decrease in the rostral spinal cord, sensory motor cortex, and brain stem. Inhibition of cAMP hydrolysis combined with Schwann cell grafts have been reported to promote supraspinal and proprioceptive axon sparing and myelination (Pearse et al, 2004) .
Functional Improvement after Spinal Cord Injury and Clinical Aspects
Studies using cell therapy, neutralizing myelin inhibitor factors, and modification of the extracellular matrix have all been reported to improve functional recovery. The question is why. Is it because of a common mechanism, is it a nonspecific effect, and is it related to regeneration or plasticity? Most experimental studies have been carried out on partial spinal cord lesions that usually are followed by some spontaneous recovery. Bareyre and coworkers have demonstrated that spontaneous recovery of function after a dorsal hemisection injury involves extensive reorganization of spinal circuits. Some of the transected hindlimb corticospinal tract axons sprouted into the cervical cord and innervated propriospinal neurons. The axons innervating long propriospinal neurons that bridged the lesion were maintained, and the propriospinal neurons arborized on lumbar motor neurons, creating a new intraspinal circuit relaying cortical input to its original spinal target. The functionality of the circuit was confirmed by electrophysiologic and behavioral testing before and after relesion of the corticospinal tract, and retrograde trans-synaptic tracing revealed changes of cortical representation (Bareyre et al, 2004) . With a transgenic mouse model, in which corticospinal fibers are specifically and completely labeled by fluorescent proteins, it was shown that lesions of the main dorsal corticospinal cord axons lead to extension of new collaterals, and that some of the new collaterals form additional direct synapses into motoneurons . This is an elegant model that may be useful to evaluate specificity and differences between test animals and controls in future studies on spinal cord regeneration. Functional and anatomica data are not sufficient as evidence of regeneration, and neurophysiologic data are necessary to prove that new connections are indeed functioning when claiming regeneration in the spinal cord.
Human spinal cord lesions are heterogeneous and differ considerably from the experimental animal models . Although moderate success in gaining axonal regeneration has been demonstrated in experimental studies, to be clinically successful, the neuropathology and neurophysiology of human spinal cord injury must be taken into account.
Several distinct mechanisms can underlie functional recovery in spinal cord repair strategies . Input from the brain and sensory information derived from muscle, joints, and skin converge on the spinal cord for final integration and processing. After a complete injury all sources of control will come from the peripheral sensory receptors. Immediately and for months after a spinal cord injury, there are continued changes in the spinal cord at the anatomic, biochemical, and physiologic levels that provide an extensive potential for plasticity within the spinal neural circuitry, and new spinal circuits can develop functional characteristics that enable it to use pathways that is utilized normally. Thus the combination of cell therapy with motor training and pharmacologic modulation of the excitability of spinal neural networks can have a stronger effect than one strategy alone (see Edgerton et al, 2006) .
Some of the therapies tried in animals have reached or are approaching clinical trials and OECs have been used after spinal cord lesions in many patients in China, Portugal, and Columbia, mostly without controls and under conditions that do not meet international standards for clinical trials. Several other therapies have also been tried (Thuret et al, 2006) . Recommended guidelines for studies of human subjects with spinal cord injury, as well as protocols enabling comparisons between the results from experimental studies in different research laboratories are available on the web (see Thuret et al, 2006) .
Concluding remarks
The possibility of obtaining regeneration by stimulation of endogenous cell proliferation and differentiation is an attractive idea. The observation that new pyramidal neurons can substitute for a dying cell population after apoptotic damage and form long-distance cortico-thalamic and cortico-spinal connections (Magavi et al, 2000; Chen et al, 2004) may be a relevant for degenerative disorders providing that the right cellular and environmental molecular signals can be induced. Future progress in molecular genetics may contribute to answer questions related to the divergent results in transgenic mouse models and postmortem studies on human brains. That new striatal neurons are formed after ischemic lesions in the rat shows that neurogenesis can be induced in an area where it does not normally occur.
Restoration of lost tissue after ischemic and traumatic brain lesions in the complex CNS is a formidable task. Current experimental research raises some hope that at least a partial regeneration may be possible some time in the future. However, the step from rodents to primates, and from primates to humans is considerable (Kaas, 2005) . There is an extraordinary diversity within the neuronal population and between the individual cells in the human brain, highlighting the importance of single neurons in a network (Muotri and Gage, 2006) . A combined approach of stimulation of endogenous resources and exogenous administration of well-defined cell populations, implanted in a permissive extracellular matrix might be needed to regenerate tissue lost in human adult brain injury. Functional and anatomic data are not sufficient to prove regeneration. Neurophysiologic data are necessary to show that new connections are indeed functioning in the brain and spinal cord.
Two aspects on neural stem cells of clinical relevance that are not discussed in this review are the possible role of stem cells as origin of glioblastoma and medulloblastoma (Sanai et al, 2005; Singh et al, 2004) and the potential use of neural stem cells as delivery vehicles for tumor-toxic molecules to target tumor cells (Ziu et al, 2006; Yip et al, 2006) . The major reason for the bad prognosis of glioblastoma is the highly infiltrative nature of glioma cells. Tumor-produced extracellular matrix is permissive for stem-cell migration, and neural stem cells are able to target disseminated glioma cells and serve as therapeutic delivery vehicles. Understanding the mechanisms that govern the cell migration toward invasive tumor cells, and clarification of the genesis of glioblastoma, are likely to have an impact on future development of cell therapy after brain lesions.
